Tetraethylene glycol (TEG) functionalized gold nanoparticles with 2 nm core diameters (AuTEG) enhance α-chymotrypsin (ChT) enzyme activity in a substrate-selective fashion. We explored the hydrolysis of four different substrates and observed a marked increase in activity with the most hydrophobic substrate N-succinyl-alanine-alanine-proline-phenylalanine-p-nitroanilide (TP), while the other substrates remain virtually unaffected by the AuTEG 'crowding effect' in solution. The enhancement in catalysis is indicated by an increase in K cat /K m as obtained from Lineweaver-Burk analysis and we hypothesize it to arise from a macromolecular crowding effect analogous to that observed with high molecular weight poly(ethylene glycol) (PEG) polymers.
Introduction
Knowledge about various biochemical processes has conventionally been acquired through in vitro studies performed under dilute conditions [1] . However, biomolecules often exhibit higher activities in the intracellular environment than are observed in vitro due to macromolecular crowding [2] . Typical cellular environments feature substantial concentrations of biomacromolecules that occupy 20-40% of the total cell volume [3] . To mimic these cellular environments, poly(ethylene glycol) (PEG) is commonly used as a co-solute in aqueous solutions because of the biocompatibility of PEG coupled with its large volume [4] . This excluded volume creates macromolecular crowding reminiscent of cellular environments, conveying multiple attributes found in biological systems [5] . For these reasons, PEG has recently been utilized in biolabeling [6] , biocompatibilization [7] , protein stabilization [8] and drug delivery methods [9] .
In previous research [10] we have used tetraethylene glycol (TEG) functionalized nanoparticles to probe the binding, enzymatic activity and stability of α-chymotrypsin (ChT). TEG functionalized gold nanoparticles provide us with the ability to control ligand orientation, ligand functionality, binding interactions, particle shape and particle size [11] . This versatility offers the distinct opportunity to mimic cellular macromolecular crowding with controlled TEG monolayer functionalization.
In this study we report that 2 nm core gold nanoparticles functionalized with a TEG linker (AuTEG; figure 1) , selectively alters the enzymatic activity of ChT. As with PEG polymers, the TEG units order solvent molecules into large solvent networks [5b] that create macromolecular crowding resembling cellular environments. In contrast to previous studies with PEG polymers [12] and nanoparticles [13] , this crowding is substrate-dependent. In our studies, we found that only the most bulky and hydrophobic substrate displays an enhanced ChT binding affinity and stability in the presence of AuTEG. All other substrates remain unaffected by the AuTEG macromolecular crowding. To our knowledge, this is the first demonstration of the modulation of substrate selectivity by molecular crowding. Moreover, the introduction of stability [14] , magnetic [15] and semi-conducting [16] Figure 1 . The AuTEG nanoparticle contains a 2 nm core and is functionalized with a mercaptoundecane ligand capped by TEG units using a place exchange reaction with octane thiol functionalized gold nanoparticles (C 8 -Au NPs) by the Brust-Schiffrin method [17] .
properties with carefully designed nanoparticles opens up ample opportunities for various biomedical applications. (GPNA) and N-benzyoyl-tyrosine-pnitroanilide (BTNA) were purchased from Sigma.
Experimental section
NSuccinyl-alanine-alanine-proline-phenylalanine p-nitroanilide (TP) was purchased from Bachem. Synthesis of AuTEG was accomplished using our previous published procedure [18] . All experiments used 5 mM sodium phosphate buffer (pH 7.4) and were conducted at 30
• C.
Activity assays
Enzymatic activity assays were performed using a microplate reader ( The hydrolysis of the substrate was measured using absorbance at 405 nm initially and then every 24 h for 3 days. The assays were performed in duplicates and triplicates. The standard deviation was usually less than 10%. A similar assay was performed using PEG (MW 1000) and PEG (MW 35 000). The concentrations of the PEG were 2 mM.
Lineweaver-Burk analysis
Stock solutions of TP substrate were made at various concentrations (6.4, 9.6, 16.0, and 22.4 mM) in ethanol.
Concentrations of ChT and AuTEG remained constant at 0.1 μM and 1.6 μM, respectively. The enzymatic hydrolysis reaction was initiated by adding the substrate stock solution (16 μl) to a preincubated ChT-nanoparticle solution (184 μl) to reach a final substrate concentration. The assays were performed in duplicates and triplicates. The standard deviations were usually less than 10%.
Isothermal titration calorimetry
Experiments were performed using a VP-ITC Microcalorimeter, from Microcal, LLC. ChT (100 μM) was titrated into AuTEG (5 μM) solution and 50 injections of 5 μl were performed under constant stirring conditions (300 rpm). The change in heat was measured as a function of molar ratio.
Circular dichroism (CD)
Experiments were performed on a Jasco 720 spectropolarimeter using a quartz cuvette with a 1 cm path length. ChT (0.8 μM) was incubated with AuTEG (3.2 μM) for 30 min. Scans were recorded from 190 to 250 nm at a rate of 20 nm min −1 , sample interval at 0.2 nm and an 8 s response.
Results and discussion
Isothermal titration calorimetry (ITC) and gel electrophoresis were conducted to determine the nature of the interaction of AuTEG with ChT. ITC revealed no apparent complex formation between ChT and AuTEG ( figure 2(a) ). Gel electrophoresis supported the ITC data, as both ChT and AuTEG demonstrated distinct separate bands in the gel (supporting information available at stacks.iop.org/Nano/20/434004). Circular dichroism experiments showed the conserved secondary structure of ChT upon the addition of AuTEG ( figure 2(b) ), revealing its biocompatibility. With the lack of particle-protein interaction verified, we next determined the consequences of addition of AuTEG upon enzymatic catalysis. ChT enzymatic activity was probed using four different substrates: SPNA, GPNA, BTNA and TP ( figure 3(a) ). The catalyzed hydrolysis reactions were followed spectroscopically by monitoring the formation of pnitroanilide ( figure 3(b) ). Surprisingly, a two-fold increase in activity was observed for the TP substrate while the other three substrates, namely SPNA, GPNA and BTNA exhibited no change in enzymatic activity.
The selectivity of ChT for TP prompted further investigation. Previous research indicated that the TP substrate specifically exhibited a higher binding affinity to ChT than the other three substrates. Case et al [19] reported that ChT binding affinity showed a dramatic dependence upon peptide length. The proposed mechanism for this increase in binding is an extended active site with discrete subsites that bind hydrophobic amino acid residues [20] . Substrates with longer hydrophobic peptide chains such as TP bind more readily to these exterior sites, resulting in an increase in binding affinity. We investigated the Michaelis-Menten complex of ChT and TP in the presence of AuTEG to gain further insight into the selective enhancement of TP hydrolysis. Lineweaver-Burk analysis revealed critical information about TP binding affinity to ChT, specificity of ChT for TP and the rate of the hydrolysis reaction. The inverse velocity of the p-nitroanilide product formation was plotted versus the inverse TP concentration. Through Cornish-Bowden and Wharton statistics [21] K m , K cat and K cat /K m values were calculated (figure 4) to visualize the nature of the ChT-TP complex.
Changes in both K m and K cat /K m indicated that AuTEG affects the TP binding affinity to ChT and the overall ChT selectivity. The decrease in K m for ChT (4.3 to 2.1 mM) when AuTEG was added to the ChT solution (figure 4) indicates that there is an increase in affinity of ChT for the TP substrate. This increase in affinity is reflected in K cat /K m , which increased from 2300 to 5600 M −1 s −1 , a 2-fold increase in ChT-TP activity.
Our hypothesis for the increase in activity of ChT with the TP substrate is that AuTEG modulates the ChT-TP binding affinity via an excluded volume mechanism [22] that is similar to macromolecular crowding in polyethylene glycol (PEG) solutions [23] . The TEG units on AuTEG organize solvent molecules into large solvent networks, causing macromolecular crowding [24] . As a result of macromolecular crowding, the effective concentrations of TP and ChT should increase when AuTEG is added to the ChT solution.
This claim was supported by the apparent decrease in K m for ChT: upon addition of AuTEG, less TP substrate was needed to provide the same ChT enzymatic activity, indicating a higher effective concentration of TP in the ChT + AuTEG solution.
Dynamic light scattering (DLS) experiments revealed that the hydrodynamic diameter of the AuTEG is ∼16 nm (supporting information available at stacks.iop.org/Nano/20/434004), while the actual diameter of the AuTEG nanoparticle (including ligands) is ∼8 nm (supporting information available at stacks.iop.org/Nano/20/434004). The increase in particle size can only be explained as a large solvent network around the particles, since there is little or no aggregation of AuTEG, as evidenced by a very weak plasmon band at absorption at 520 nm [25] . In terms of the longer chain TP substrate, the AuTEG 'crowding effect' reduced the number of free water molecules surrounding the substrate. The TP hydrophobic amino acids are now selectively more exposed to ChT and can readily interact with the extended subsites of ChT as well as the active site, as observed via the increase in K cat /K m . The K cat values indicated that the rate of the hydrolysis reaction was unaffected by the addition of AuTEG. The local active site environment of ChT retained its native structure (as seen previously with CD) and was unaltered by the presence of ordered solvent molecules. Due to the mere size of AuTEG, the nanoparticle is expected to be sterically excluded from any interaction with the active site of the ChT [26] . Therefore, it was reasonable to observe similar K cat values upon addition of the AuTEG.
To test the molecular crowding hypothesis, two linear polymers, PEG 1000 (MW 1000 Da) and PEG 35 000 (MW 35 000 Da), were added as co-solutes for ChT. In these studies PEG 35 000 exhibited similar behavior as the AuTEG (figure 5), enhancing selectivity with the TP substrate. The smaller PEG polymer did not show any selectivity between substrates. Instead, it appeared to slightly inhibit the reaction of ChT and TP. This was reasonable because the smaller PEG 1000 may not be excluded from the active site as would be expected with the larger PEG and AuTEG molecules. The PEG 1000 may diffuse into the active site, blocking access for the TP substrate. This was supported by the DLS measurements that show an increase in the hydrodynamic diameter of ChT from 4.5 to 7.1 nm upon the addition of PEG 1000. Therefore, the organization of the solvent molecules may be directly correlated to the size and orientation of the polyethylene glycol units from the PEG polymer [27] .
Conclusion
We demonstrated the ability to selectively control enzyme activity and stability through AuTEG macromolecular crowding interactions. Upon addition of AuTEG, enhanced selectivity of ChT is exhibited to the bulkier, more hydrophobic substrate TP due to the 'crowding effect' created by AuTEG in solution. This molecular crowding forces the TP substrate into the extended ChT subsites, causing a selective 2-fold increase in ChT activity, similar to high molecular weight PEG solutions. The shorter chain substrates, however, remain unaffected by this crowding effect because they do not interact with the extended ChT subsites. We believe that this method of introducing substrate selectivity along with enhanced activity could have utility in fundamental studies as well as biomedical applications.
